The synthetic polyether polyethylene glycol (PEG) with a molecular weight of 20,000 was anaerobically degraded in enrichment cultures inoculated with mud of limnic and marine origins. Three strains (Gra PEG 1, Gra PEG 2, and Ko PEG 2) of rod-shaped, gram-negative, nonsporeforming, strictly anaerobic bacteria were isolated in mineral medium with PEG as the sole source of carbon and energy. All strains degraded dimers, oligomers, and polymers of PEG up to a molecular weight of 20,000 completely by fermentation to nearly equal amounts of acetate and ethanol. The monomer ethylene glycol was not degraded. An ethylene glycolfermenting anaerobe (strain Gra EG 12) isolated from the same enrichments was identified as Acetobacterium woodii. The PEG-fermenting strains did not excrete extracellular depolymerizing enzymes and were inhibited by ethylene glycol, probably owing to a blocking of the cellular uptake system. PEG, some PEGcontaining nonionic detergents, 1,2-propanediol, 1,2-butanediol, glycerol, and acetoin were the only growth substrates utilized of a broad variety of sugars, organic acids, and alcohols. The isolates did not reduce sulfate, sulfur, thiosulfate, or nitrate and were independent of growth factors. In coculture with A. woodii or Methanospirillum hungatei, PEGs and ethanol were completely fermented to acetate (and methane). A marine isolate is described as the type strain of a new species, Pelobacter venetianus sp. nov. Its physiology and ecological significance, as well as the importance and possible mechanism of anaerobic polyether degradation, are discussed.
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Polyethylene glycol (PEG) is a synthetic water-soluble polymer of the common structural formula H(OCH2CH2),OH. PEGs of various molecular weights from 106 to 20,000 find broad application in the manufacturing of pharmaceuticals, cosmetics, lubricants, antifreeze agents, and even, in some countries, beer brewing. Moreover, most commercially produced nonionic detergents contain PEGs as hydrophilic moieties (6) . Although vast amounts of this material are produced by the chemical industry, information on its biodegradability is scarce and contradictory. Whereas short-chain PEGs with molecular weights up to 600 are aerobically degraded (16, 33) , PEGs with molecular weights higher than 1,000 are considered "bioresistant" (12) . Other authors (20, 24, 26, 27, 32) have reported complete degradation of PEGs with molecular weights up to 20 ,000 by pure and mixed cultures of aerobic bacteria. The only effort to effect anaerobic degradation of PEGs reported so far (30) has been of limited success: production of methane was low, and biological oxygen demand of the substrate decreased by only 32%.
The present study was carried out to test whether aliphatic polyethers can be degraded in the absence of molecular oxygen. Ether bonds usually are biotically cleaved by peroxides or peroxide radicals, and this is probably one of the reasons for the lack of degradation of lignin under anaerobic conditions (45) . However, at least methylarylethers can be split in the absence of oxygen by Acetobacterium woodii in a so-far-unknown, possibly hydrolytic reaction (3). The present paper shows that the depolymerization of PEG was catalyzed by anaerobic bacteria and occurred probably via hydrolysis after a modification of the terminal ethylene glycol (EG) unit.
MATERIALS AND METHODS
Strains. The following strains were isolated in pure culture from mud sample enrichments: Gra PEG 1, Gra PEG Media and growth conditions. Carbonate-buffered, sulfide-reduced mineral medium with a low phosphate content was prepared as previously described (43) . Trace element solution SL7 (1 ml/liter) and a vitamin solution (5 ml/liter) (35) were added to the complete autoclaved medium from stock solutions. The pH was adjusted after autoclaving to 7.2 to 7.4. For enrichment cultures, 50-ml portions of medium were dispensed into 120-ml serum bottles gassed with N2-CO2 (4:1); the bottles were then sealed with butyl rubber stoppers. For pure cultures, medium was dispensed into rubber-sealed 50-ml screw cap bottles or 20-ml screw cap tubes, both of which were completely filled. Substrate solutions were either autoclaved or filter sterilized as NaOH-neutralized concentrates and added before inoculation.
Growth was followed in 20-ml tubes (15.6- (11) . Formation of nitrite from nitrate was assayed by determining azo dye formation with sulfanilic acid and a-naphthylamine. Alcohols, volatile fatty acids, and methane were assayed by the gas chromatographic method previously described (36) . PEG was quantified with phosphomolybdic acid by the method of Stevenson (37) .
DNA base composition. Moles percent guanine-pluscytosine contents of the DNAs were determined by the thermal denaturation method previously described (13) after DNA extraction (29) .
Cytochromes. 
RESULTS
Enrichment and isolation. We inoculated 50-ml enrichments in freshwater and salt water media plus 0.1% PEG 20,000 with 3-to 5-ml portions of anaerobic mud from creeks, sewage plants, and marine sediments. Gas production started after 8 to 12 days and ceased after 4 to 5 weeks. In subcultures on the same media, turbidity developed within 4 to 7 days, with little gas production. In further subcultures, mainly short straight rods were visible, with M. hungatei-like cells in young cultures and Methanothrix soehngenii-like cells in aged cultures. Isolation of the primary PEG-degrading organism was attempted in agar shake series. Developing colonies were of at least two morphological types: large central white colonies and surrounding smaller white colonies, which were more numerous than the central ones. The satellites only grew closely to the central colonies ( Fig. 1) .
Selective isolation was finally achieved by repeated transfer of the central colonies with sterile Pasteur pipettes into agar shake dilution series with PEG 20,000 as the substrate. The surrounding colonies could be purified in agar shake dilution series with EG as the substrate.
Enumeration of PEG-degrading bacteria by the three-tube most-probable-number technique (2) revealed 2,400 cells per ml in Canale Grande mud and 240 cells per ml in anaerobic sewage sludge. Two pure cultures of PEG-utilizing bacteria were isolated from Canale Grande mud in salt water medium (strains Gra PEG 1, Gra PEG 2), and one was isolated from the digested sludge of a sewage plant in freshwater medium (strain (b) strain Gra PEG 1 grown on PEG; (c) strain Gra PEG 2 grown on PEG. Bar = 10 p.m (for all panels).
Ko PEG 2). One EG-degrading culture was isolated from Canale Grande mud in salt water medium (strain Gra EG 12). All of these strains were characterized further. Characterization of strain Gra EG 12. Cells of strain Gra EG 12 were straight rods, 0.8 by 2 to 4 ,um in size, and slightly pointed at the ends (Fig.  2a ). Cells were motile and nonsporeforming and stained gram negative to weakly positive. Growth was found on EG, formate, methanol, H2-CO2, and trimethoxybenzoate. Acetate was the only fermentation product, except for gallic acid, which was produced on trimethoxybenzoate. It was evident from these results that strain Gra EG 12 belongs to the species A. woodii. Other strains of A. woodii (NZval6 and Nzva24) could also be grown on EG. PEG was not degraded.
Characterization of PEG-fermenting strains. (i) Morphology and cytological characteristics. Cells of all isolates were short straight rods, 0.5 by 1.0 to 2.5 p.m in size, and rounded at the ends ( Fig.  2b and c). Strain Gra PEG 2 tended to form clumps ( Fig. 2c) and grow on the walls of the glass culture tubes. All strains moved, at least in young cultures, in a tumbling manner suggesting polar to subpolar flagellation. All strains stained gram negative. Ultrathin sections showed multilayered cell walls typical of gram-negative bacteria (Fig. 3) . None VOL. 45, 1983 1907 -":r. When grown on 1,2-propanediol or 1,2-butanediol, propanol and propionate or butanol and butyrate, respectively, were the sole fermentation products. On glycerol, 1,3-propanediol and an unidentified acid (possibly ,B-hydroxypropionic acid) were formed. The correlation between growth and product formation on PEG is shown in Fig. 4 than those of strain Gra PEG 1, and the inhibitory effect of higher PEG concentrations was even more pronounced.
The maximum growth rate of strain Gra PEG 1 on PEG was 0.0866h-1 (minimum doubling time, 8.0 h) at 33°C. No growth occurred at temperatures lower than 10°C and higher than 40°C. The optimum pH was 7.0 to 7.5; the pH limits were 5.5 and 8.0.
(iii) Growth yields and stoichiometry. The formation of fermentation products by strain Gra PEG 1 and the corresponding yields of dry cell matter are summarized in Table 2 PEG by strain Gra PEG 1, we had to assume that the trophic relationship between strains Gra PEG 1 and Gra EG 12 (Fig. 1) depended on interspecies hydrogen transfer (second equation). The cell yields were significantly increased in cocultures, compared with pure culture results (Table 3) . (5, 13, 16, 21) . Since all of these reactions require molecular oxygen as an active reactant, the splitting of ether bonds has been thought to be possible only in the presence of oxygen; this has been accepted as a reason for the lack of degradation of lignin under anaerobic conditions. Recently, however, anaerobic demethoxylation of several methoxylated aromatic acids has been shown (3): A. woodii apparently cleaves the aryl-methyl ether bridge hydrolytically and ferments the methoxyl groups to acetate. Since phenols are much more acidic than aliphatic alcohols, a phenyl ether might behave more like an acylester than an aliphatic ether.
Aerobic degradation of PEG has been studied by several groups (reviewed in reference 12). In most of the systems studied, the initial attack on the polymer is oxidation of the terminal EG monomer to the corresponding glycolaldehyde derivative by intracellular NAD-, flavine adenine dinucleotide-, or ferricyanide-dependent dehydrogenase reactions (25, 27, 34) . Other authors have found dichlorophenol-, indophenoldependent dehydrogenation to the corresponding enol derivative, which is later hydrated to the glycolaldehyde half-acetal derivative (41). Haines and Alexander (20) have reported an extracellular enzyme which depolymerizes longchain PEGs, probably by a hydrolytic reaction. Their strain, however, was lost, and their results could not be achieved by other authors (12) . In general, it appears probable that during aerobic PEG degradation, the first attack on the polymer is dehydrogenation.
The monomers obtained are probably further metabolized via the glyoxylate or glycerate pathway, as has been shown for the degradation of EG by aerobic bacteria (9, 10) . In a Mycobacterium culture, however, degradation of EG proceeds via initial dehydration and subsequent enol-ketone tautomerization to acetaldehyde, which is oxidized to acetate and metabolized further (44) . Dehydration is also the typical initial reaction during anaerobic degradation of EG by Aerobacter aerogenes (1), Clostridium glycolicum (18, 42) , and Klebsiella sp. (18, 42) . The initial reaction has been characterized as coenzyme B12 dependent (1), as have the analogous reactions with higher 1,2-diols (4). Thus, all anaerobic fermentations of EG lead to acetaldehyde as an intermediate, which is further disproportionated to acetate and ethanol.
Our experiments with anaerobic isolates on PEG indicate that there was no extracellular depolymerization to EG monomers. Rather, the polymer seemed to have been taken up into the cells and subsequently degraded inside. 1,2-Propanediol, glycerol, 1,2-butanediol, and Di-EG were the shortest polyols assimilated. The EG monomer could not be taken up; it blocked the uptake mechanism. The degradation of PEG inside the cells can proceed by two basically different pathways (Fig. 6) 45, 1983 short-chain substrates. In addition, many of the problems in aerobic PEG degradation may be caused by the chemical formation of toxic autoxidation products from PEGs by oxygen (21) ; these products are not formed under anoxic conditions.
Of economic interest is the partial degradation of nonionic detergents in the oil industry. Detergents of this type are also used as surfactants in secondary oil recovery technology (31) and may well prove to be suitable substrates for sulfatereducing bacteria involved in corrosion processes. PEG-degrading, sulfate-reducing bacteria were also isolated in our laboratory.
The PEG-degrading isolates, irrespective of their origin and salt requirements, were similar to one another with respect to substrate utilization, physiology, and cytological characteristics. As obligately anaerobic, gram-negative, nonsporeforming rods, they should be assigned to the family Bacteroidaceae (8) . Owing to their unique metabolism and their inability to utilize sugars, they cannot be assigned to any of the existing genera in this family. However, they share some basic properties with the gallic acidfermenting new species Pelobacter acidigallici (36) , namely lack of sugar utilization, utilization of only a small range of substrates, production of acetate as the main fermentation product, and nearly the same DNA base ratio. We therefore propose that our isolates constitute a new species, Pelobacter venetianus sp. nov. (ve ne ti a' nus L. n. venetianus from Venice, the origin of the type strain and the place where it occurs in high numbers). The cells are rod shaped, 0.5 by 1.0 to 2.5 pzm in size, and rounded at the ends. They occur singly or in pairs, are motile in young cultures, do not form spores, and stain gram negative.
P. venetianus is a strictly anaerobic chemoorganotroph. PEG, PEG-containing compounds, and acetoin were the only substrates it utilized. The substrates were fermented to nearly equal amounts of acetate and ethanol. 1,2-Propanediol, 1,2-butanediol, and glycerol were also fermented to the corresponding acids and alcohols, but for growth, acetate was necessary as a source of carbon. Sulfate, sulfur, thiosulfate, and nitrate were not reduced. Growth required mineral media with a reductant. Growth yields and rates of the type strain were higher on media containing at least 10 g of NaCl and 1. 
